Energy is required to maintain physiological homeostasis in response to environmental change. Although responses to environmental stressors frequently are assumed to involve high metabolic costs, the biochemical bases of actual energy demands are rarely quantified. We studied the impact of a near-future scenario of ocean acidification [800 μatm partial pressure of CO 2 (pCO 2 )] during the development and growth of an important model organism in developmental and environmental biology, the sea urchin Strongylocentrotus purpuratus. Size, metabolic rate, biochemical content, and gene expression were not different in larvae growing under control and seawater acidification treatments. Measurements limited to those levels of biological analysis did not reveal the biochemical mechanisms of response to ocean acidification that occurred at the cellular level. In vivo rates of protein synthesis and ion transport increased ∼50% under acidification. Importantly, the in vivo physiological increases in ion transport were not predicted from total enzyme activity or gene expression. Under acidification, the increased rates of protein synthesis and ion transport that were sustained in growing larvae collectively accounted for the majority of available ATP (84%). In contrast, embryos and prefeeding and unfed larvae in control treatments allocated on average only 40% of ATP to these same two processes. Understanding the biochemical strategies for accommodating increases in metabolic energy demand and their biological limitations can serve as a quantitative basis for assessing sublethal effects of global change. Variation in the ability to allocate ATP differentially among essential functions may be a key basis of resilience to ocean acidification and other compounding environmental stressors.
Energy is required to maintain physiological homeostasis in response to environmental change. Although responses to environmental stressors frequently are assumed to involve high metabolic costs, the biochemical bases of actual energy demands are rarely quantified. We studied the impact of a near-future scenario of ocean acidification [800 μatm partial pressure of CO 2 (pCO 2 )] during the development and growth of an important model organism in developmental and environmental biology, the sea urchin Strongylocentrotus purpuratus. Size, metabolic rate, biochemical content, and gene expression were not different in larvae growing under control and seawater acidification treatments. Measurements limited to those levels of biological analysis did not reveal the biochemical mechanisms of response to ocean acidification that occurred at the cellular level. In vivo rates of protein synthesis and ion transport increased ∼50% under acidification. Importantly, the in vivo physiological increases in ion transport were not predicted from total enzyme activity or gene expression. Under acidification, the increased rates of protein synthesis and ion transport that were sustained in growing larvae collectively accounted for the majority of available ATP (84%). In contrast, embryos and prefeeding and unfed larvae in control treatments allocated on average only 40% of ATP to these same two processes. Understanding the biochemical strategies for accommodating increases in metabolic energy demand and their biological limitations can serve as a quantitative basis for assessing sublethal effects of global change. Variation in the ability to allocate ATP differentially among essential functions may be a key basis of resilience to ocean acidification and other compounding environmental stressors.
ocean acidification | sea urchin | energetics | metabolic allocation | development S tudies of biological responses to future scenarios of global change are of significant interest, given the most recent projections of future environmental conditions (1) . In addition to important impacts in the atmosphere and on terrestrial systems, anthropogenic CO 2 emission is causing acidification of the world's oceans (2, 3) . Determining the biological responses to ocean acidification is a critical component of the study of how marine ecosystems may be altered under future scenarios of anthropogenic global environmental change. Predicting the potential for evolutionary adaptation to global change requires an understanding of the biochemical mechanisms that maintain homeostasis of physiological systems (4, 5) .
The developmental stages of many marine organisms have evolved cellular defenses to mitigate the impact of current environmental stressors (6) . Whether these protective mechanisms can respond to future, rapid anthropogenic changes is still an open question. Marine invertebrate larvae, and particularly those with calcareous structures, have been used in numerous investigations of the biological impact of ocean acidification (2, (7) (8) (9) (10) . Although the magnitude of a response appears to be species specific, acidification can, to varying degrees, impact a wide range of biological processes in developmental forms (7) (8) (9) (10) (11) (12) (13) (14) . For instance, under near-future global mean CO 2 conditions [720-1,000 μatm partial pressure of CO 2 (pCO 2 )] (1), species of larval sea urchins generally are reduced in size by 10% or less (7, 9, (15) (16) (17) , but studies of metabolic rate and ion regulation suggest that acidification may result in increased metabolic costs to maintain homeostasis (11, 12) . By studying responses to seawater acidification at several levels of biological organization during the development of the sea urchin, Strongylocentrotus purpuratusfrom whole-organism growth, to macromolecular synthesis rates, enzyme activities, and gene expressions-we show that, although the impact of acidification at the organismal level is minimal, dramatic compensation occurs at the cellular level. Specifically, growth is maintained by changes in energy allocation to accommodate the costs required to sustain increases in protein synthesis and ion transport. We conclude that measurements limited to morphological characteristics, metabolic rate, biochemical content, and gene expression do not reveal the major biochemical response mechanisms underlying the apparent resilience to acidification in developing sea urchins.
Results
Size and Metabolic Rate. Body length (Fig. 1A) was measured during 14 d of development and growth in control and acidified seawater (Table S1 ). Midline body length (mean ± SEM) increased from 109.7 ± 0.6 μm on day 1 to 363.8 ± 3.1 μm on day 14 and did not differ between control and acidification treatments of larvae fed ad libitum (ANCOVA, P = 0.095, n = 2,081) ( Fig. 1A ) and unfed larvae (ANOVA, P = 0.537, n = 481). Metabolic rates (measured as oxygen consumption; see Discussion for oxyenthalpic equivalents) did not differ significantly between control and acidification treatments in fed larvae (ANCOVA,
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Anthropogenic emission of CO 2 is causing global ocean acidification. For many species, biological responses to acidification often show limited impact at the level of the whole animal. Our integrative studies of whole-organism growth and metabolic rates, rates of protein synthesis and ion transport, enzyme activity, and gene expression show that although the organismallevel impact of acidification on developing sea urchins was minimal, dramatic compensation occurred at the cellular level. Increased rates of synthesis and ion transport resulted in 84% of available energy being allocated to those processes under acidification. Defining the limits of differential energy allocation for the maintenance of critical physiological functions in response to compounding stressors will help provide a mechanistic understanding of resilience potential to environmental change. T.-C.F.P. and S.L.A. contributed equally to this work. 2 To whom correspondence should be addressed. Email: manahan@usc.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1416967112/-/DCSupplemental. P = 0.326, n = 255) (Fig. 1B) . Metabolic rates of embryos (Fig.  1B) and 6-to 10-d-old unfed larvae (Fig. 1B, Inset) were elevated under acidification (ANOVA, P < 0.001, n = 97). This increase in metabolic rates was 24% on average for embryos and 37% on average for unfed larvae.
Protein Content, Synthesis, and Turnover Rates. Acidification did not affect whole-body protein content of any developmental stage studied (embryos and unfed larvae, ANOVA, P = 0.063, n = 49; feeding larvae, ANCOVA, P = 0.847, n = 49) (Fig. 2A) . The mole-percent amino acid composition of protein did not differ between control and acidification treatments (Table S2) . In contrast, increases in absolute rates of protein synthesis were evident under acidification treatment from the earliest larval stage studied (194 μm, 3-d-old) (Fig. 2B) . A regression of protein synthesis rate on size shows that growing sea urchin larvae under acidification had an average increase of 1.6-fold in size-specific rates of protein synthesis during the larval period tested (ANCOVA, P = 0.009, n = 20) (Fig. 2B) . From a post hoc analysis of developmental stages with no growth (embryos and unfed larvae), seawater acidification resulted in a 2.0-fold increase in protein synthesis rates in 6-to 10-d-old unfed larvae (P < 0.001, n = 12; ANOVA in Table S3 ) (Fig. 2B , Inset) and showed no difference for 1-and 2-d-old embryos (P = 0.953, n = 8). These increases in rates of protein synthesis (Fig. 2B ) represent turnover, because protein content did not change ( Fig. 2A) . Electrophoretic analyses of larval proteins showed that, even though the rate of protein synthesis increased under acidification (Fig. S1A) , the size distribution and pattern of synthesized proteins (shown by 35 S-Met/Cys labeling) appear unchanged in 12-d-old, fed larvae (Fig. S1B) . The analyses presented here support the conclusion that the increased rates of protein turnover involved all molecular weight classes of proteins observable at the resolution of 1D gel electrophoresis. The impact of seawater acidification on the processes of protein metabolism is illustrated in Fig. S2 . Calculation of protein depositional efficiency (the ratio of protein accreted to protein synthesized) revealed that acidification resulted in a lower efficiency of protein deposition (21.2%) relative to controls (34.3%) for larvae of a given size. Combined, these analyses ( Fig. 2 and Figs. S1 and S2) show that the balance between increased rates of protein synthesis and decreased protein depositional efficiency is an important mechanism for maintaining protein growth under simulated ocean acidification.
Metabolic Cost of Protein Synthesis. The cost of protein synthesis was determined for embryos and larvae of S. purpuratus reared under control and acidification treatments. The energy cost per unit protein synthesized is determined from concurrent measurements of changes in protein synthesis and metabolic rates in the presence and absence of emetine, a specific inhibitor of protein synthesis (18) . Oxygen consumption was converted to energy using an oxyenthalpic equivalent of 484 kJ/mol O 2 , an average value based on lipids and proteins (19) that are the major biochemical constituents of developmental stages of S. purpuratus (20) . From the simultaneous reduction in protein synthesis and metabolic rates, the cost of protein synthesis was calculated in 1-d-old blastulae ( Fig. 3 A and B) . This analysis was extended to a series of developmental stages, and the cost of protein synthesis in developing sea urchins was calculated to be 2.4 ± 0.21 J/mg protein synthesized (grand mean, n = 9) (Fig. 3C ). Important for calculations of energy allocation to protein synthesis under control and acidification treatments is that the cost of synthesizing a unitmass of protein did not differ between treatments (P = 0.304, t test, n = 3 for each treatment) ( Fig. 3C ; see SI Materials and Methods for details of biological and technical replications).
Ion Transport Rate, Enzyme Activity, and Gene Expression of Na CO 2 ) treatments. Metabolic rates did not differ significantly between control and acidification treatments for fed larvae (ANCOVA, P = 0.326, n = 255). Metabolic rates of embryos and unfed larvae were elevated under acidification (ANOVA, P < 0.001, n = 97). Where not visible, error bars fall within the graphical representation of the data point. No statistical differences in protein content were observed between control and acidification treatments (embryos and unfed larvae, ANOVA, P = 0.063, n = 49; feeding larvae, ANCOVA, P = 0.847, n = 49). (Inset) The bar graph shows replicate measurements on 6-, 8-, and 10-d-old unfed larvae. (B) Each data point represents a protein synthesis rate, calculated from the combined slope (± SE) of duplicate six-point time-course assays of the amount of protein synthesized, corrected for intracellular specific activity of 14 C-alanine in the free amino acid pool. Size-specific protein synthesis rates were significantly greater under acidification in growing larvae (ANCOVA, P = 0.009, n = 20) and (Inset) in unfed larvae (Post hoc test, P < 0.001, n = 12). See Fig. S2 for equations for the regression lines shown here in A and B.
presence and absence of ouabain (Fig. 4A) . A regression of ion transport rates on size shows that growing sea urchin larvae under acidification had an 1.4-fold increase in the size-specific ion transport rate (ANCOVA, P = 0.016, n = 20) (Fig. 4B) . A post hoc analysis of developmental stages with no growth (embryos and unfed larvae) showed that the ion transport rates increased 2.3-fold in unfed larvae under acidification (P = 0.001, n = 8; ANOVA in Table S3 ) (Fig. 4B , Inset) and showed no difference in 1-and 2-d-old embryos (P = 0.852, n = 8). In contrast to the significant increases in physiological rates of ion transport under acidification, no concurrent changes in total enzyme activity (ANOVA, P = 0.877, n = 38) (Fig. 4C ) were observed in prefeeding or fed larvae. Additionally, Na + ,K + -ATPase gene expression did not reflect the direction of measured changes in rates of ion transport. There is a marginally significant effect of acidification on Na (Fig. 4C) . Post hoc analysis showed that this effect was driven only by changes in 4-d-old larvae (P < 0.001, n = 3). All other ages showed no differences in gene expression under acidification relative to controls. Although differences were seen in 4-d-old larvae, the ranking was reversed: Gene expression was lower under acidification relative to controls, in contrast to the increased physiological rate of ion transport. Under our experimental conditions, regulation of Na + ,K + -ATPase takes place primarily at the physiological level rather than at the biochemical or molecular biological levels.
Changes in Energy Allocation in Response to Seawater Acidification.
Protein synthesis and Na + ,K + -ATPase together accounted for the majority of the allocation of metabolic energy throughout the period of growth and development studied (Fig. 5) . The data and calculations that form the basis of Fig. 5 are given in Table S4 and in SI Calculations and Estimations. The proportion of ATP used for these two major energy-requiring processes increased with the transition to exogenous feeding and the commencement of growth, as well as with acidification treatment for all stages tested (with the exception of the earliest developmental stages tested, 2-d-old embryos). For embryos and prefeeding and unfed larvae-stages at which no growth occurred-an average of 40% of total ATP was devoted to protein synthesis and ion transport under control conditions (Fig. 5 A and B) . In contrast, the allocation of total ATP for protein synthesis and ion transport increased to 55% in fed growing larvae. Importantly, acidification increased the average ATP allocation to protein synthesis and ion transport from 40 to 62% for prefeeding stages and unfed larvae and from 55 to 84% for feeding larvae (Fig. 5) . A noteworthy pattern is evident in which the unaccounted fraction of total ATP decreased gradually from 53% in 2-d-old larvae to 14% in10-d-old larvae under continuous exposure to seawater acidification (Fig. 5A ). This decrease in the unaccounted fraction of total ATP can be considered energy that is no longer available to support the demands of routine maintenance metabolism or the ability to respond to other stressors. Again, we emphasize that the major changes in ATP allocation in response to seawater acidification are not reflected by midline body lengths (Fig. 1A) , gross morphological characteristics (Fig. 5C ), metabolic rate (Fig. 1B), protein content (Fig. 2B), enzyme activity (Fig. 4C) , or gene expression (Fig. 4C) .
Discussion
The developmental stages of sea urchins have been used routinely to study biological responses to ocean acidification and to other environmental stressors (6, 9, 10) . Often, additional metabolic costs are invoked as an explanation for physiological responses to ocean acidification (11, 12, 21) . In the present study we show that, for sea urchins growing at the lower range (∼800 μatm) of the near-future pCO 2 level projected by the Intergovernmental Panel on Climate Change (IPCC) (RCP6.0 in ref. 1 ; further details are given in Table S1 ), no changes were observed in growth rate, metabolic rate, biochemical composition, or the amount of Na
The response to acidification was dramatic but occurred at other levels of biological analysis. Our results for larval size are in general agreement with another study showing that S. purpuratus exposed to 900 μatm pCO 2 had an ∼5% reduction in body length but reporting notable changes in allele frequency and gene expression (17) . In our study, we also noted no changes in body length but did observe an acidification-induced increase of ∼50% in the rates of protein synthesis and ion transport. Protein growth was maintained by changing the balance between increased rates of protein synthesis and decreased protein depositional efficiency. Our findings support prior work showing that ocean acidification does not affect protein content (22) but highlight the critical need to study the mechanisms and dynamics of biosynthesis, which undergo dramatic changes to compensate for the maintenance of biochemical content during growth. Similarly, our results show that increases in ion transport by Na + ,K + -ATPase and the concomitant increase in ATP demand were not predicted by changes in the expression of the gene coding for that protein or by changes in the amount of total enzyme. A major conclusion from our work is that the primary metabolic mechanism to respond to ocean acidification in growing sea urchin larvae is a change in allocation within a fixed amount of total ATP to support increased protein synthesis and ion transport. Combined, protein synthesis and ion transport accounted for an average of 84% of the metabolic rate of feeding larvae under acidification, compared with 55% in controls. This ∼30% difference in the allocation of metabolic energy could reduce an organism's ability to respond to additional energy-demanding environmental stressors and has more general implications for the ability to sustain fundamental biochemical processes (23) . For instance, even a relatively small energy requirement for responses to environmental toxicants (24) and other macromolecular synthesis requirements [e.g., RNA (25) ] could be constrained by changes in ATP allocation. A comprehensive accounting of the variations in each of the major processes supported by total ATP would improve predictions from models attempting to understand biological responses to ocean acidification and other compounding environmental stressors.
Biochemical Rate Compensation Under Acidification.
Protein synthesis. Ocean acidification increased the rates of protein synthesis, described in this study as the linear regressions of size-specific synthesis rates with parallel slopes but with different intercepts (Fig. 2B) . Because there were no differences in protein growth between treatments ( Fig. 2A) , this ∼50% elevation in protein synthesis throughout the developmental and growth period studied represents an increase in protein turnover. This increase in protein turnover was analyzed further by calculating protein depositional efficiency (Fig. S2) . The size-specific protein depositional efficiency of 34% in larvae of S. purpuratus (270 μm) (Fig. S2) under control conditions agrees well with previously published values for another species of sea urchin, Lytechinus pictus, which range from 21% to 37% depending on developmental stage (18) . Additionally, the value we report of ∼2%/h for fractional rates of protein turnover in embryonic stages of S. purpuratus (SI Calculations and Estimations) is consistent with earlier measurements (26) , confirming the validity of our techniques and measurements. This increase in protein synthesis under acidification was not limited to a specific size-class of proteins (Fig. S1B) . What might be the basis for an up-regulation of synthesis and turnover for so many different proteins? Future research to elucidate the cellular mechanisms of acidification-induced increases in protein synthesis and turnover could focus on the degradation of newly synthesized proteins (27) , polypeptide elongation rates (and possible early truncation) on isolated ribosomes (28) , or the precision of translation and folding of polypeptides (29) . Each of these processes requires considerable amounts of ATP (30) . Whatever the specific mechanism, the regulation of protein synthesis and turnover clearly are primary drivers of the changes in ATP allocation under ocean acidification.
Compensating for decreased depositional efficiency (Fig. S2 ) and increased protein turnover necessitated higher rates of protein synthesis (Fig. 2B) , with significant consequences for use of ATP. The essential first step in being able to quantify these impacts was to measure the cost of protein synthesis for early developmental stages of S. purpuratus (Fig. 3) . The value we report of 2.4 J/mg protein synthesized is within the range of published values for protein synthesis costs in animals (18, (31) (32) (33) (34) (35) (36) . The integrative analysis of biochemical and physiological processes we present in this study permits the calculation of stage-specific ATP allocation to protein synthesis during sea urchin development (Fig. 5) . Importantly, the cost of protein synthesis in S. purpuratus has a fixed value that is independent of the developmental stages studied and the levels of pCO 2 tested (Fig. 3C) . Developmental stages responded to ocean acidification by increasing protein synthesis rates and hence the allocation of ATP to protein synthesis but not by altering the cost of synthesizing a unit-mass of protein.
Ion regulation. A second mechanism contributing to increased ATP demand under acidification is the regulation of ion transport (Figs. 4 and 5) . For all the developmental stages and feeding treatments investigated, ion transport accounted for between 11% and 30% of the metabolic rate, a range that increased to 20-46% under acidification (Fig. 5) . The increase of in vivo Na + ,K + -ATPase activity may be related to acid-base regulation (37) . For marine invertebrates, acid-base regulation is an important response mechanism to ocean acidification (12, 38) . Additionally, higher in vivo Na + ,K + -ATPase activity may be related to enhanced sodium-dependent amino acid transport (39) to support increased protein synthesis under acidification.
Importantly, these significant changes in the demand for ATP to support increased rates of ion transport were not detectable by either total enzyme assays or changes in gene expression (Fig.  4C) . There is growing evidence that transcript levels often are uncoupled from the amounts of proteins they encode. For example, recent large-scale transcriptomic and proteomic studies of the expression of ∼5,000 genes and their corresponding proteins have shown that changes in gene expression are not good measures of protein abundance (40) . Even when mRNA predicts protein abundance, physiologically relevant protein activity can vary substantially from patterns of gene expression or protein abundance (41) (42) (43) (44) . For comparative studies of marine organisms that lack comprehensive and simultaneous quantification of transcriptomes and proteomes (40) , analyses that infer physiological activity from measurements of gene expression should be interpreted with caution. Allocation of metabolic energy. We base our calculations of total metabolic expenditure on measurements of oxygen consumption. There is an extensive literature on the calculations of energetic and biochemical equivalents of respiratory oxygen consumption (thermodynamic and oxyenthalpic energy equivalents) (19) . Measurements conducted using direct calorimetry (heat-dissipation rates) and indirect calorimetry (rates of oxygen consumption) on 31 species, including early stages of marine animals, have shown that under normoxic conditions the oxyenthalpic equivalent is fully aerobic, at 463 ± 39 kJ/mol O 2 (45) . Hence, under normoxic condition, a measured rate of oxygen consumption accounts for all interconvertible energy equivalents, independent of the specific biochemical pathways involved. Metabolic energy budgets in the current study were calculated based on the oxyenthalpic equivalent of 484 kJ/mol O 2 , an average value for lipid and protein (19, 20) . Here, we use ATP as the energy equivalent for the calculation of metabolic allocation (Fig. 5 A and B) .
A dramatic finding from this analysis of metabolic allocation is that 84% of the available ATP pool is accounted for by the cost of protein synthesis and ion regulation under acidification conditions (Fig. 5) . This surprising capacity to respond to sublethal environmental stresses for an extended period (tested for 10 d) eclipses the fact that the ATP allocation in control conditions is consistent with existing literature. For instance, the summary diagram of ATP-demanding processes given in Hochachka and Somero (ref. 23, p. 28) shows that ∼30% of ATP is allocated to protein synthesis and ∼30% to regulate sodium-potassium flux. These values are similar to those we report for developmental stages in this article: On average, we found that protein synthesis accounted for 27% of ATP, and sodium-potassium pump activity accounted for 19% (Fig. 5) . Notably, our measurements reported here are consistent with the range of previously reported values for these processes during sea urchin development (18, 46) . The sustainability of the high allocation of ATP under environmental stress, the long-term impact on organismal performance, and the ability to support other essential physiological processes are important themes for future research.
Feeding State Alters Metabolic Rates Under Acidification.
Metabolic responses of unfed larvae. When larvae developed to the feeding stage (4 d old) but subsequently were unfed through day 10, metabolic rates did increase in response to acidification (Fig.  1B, Inset) . It is noteworthy that an increase in metabolic rate-an increase driven entirely by protein synthesis and ion transportoccurred under acidification only for larvae under conditions of food limitation (SI Calculations and Estimations). In the absence of growth in unfed larvae, such metabolic responses likely represent the costs of maintenance under acidification. The mechanisms underlying the differential energy response to the stress of ocean acidification between fed and unfed larvae require further study but likely are related to different anabolic (growth) and catabolic (starvation) states. The difference in metabolic response between fed and unfed larvae suggests that nutritional and physiological states impact the response to many environmental stressors, including ocean acidification (47) . Such increases in metabolic demand have important implications for long-term resistance to starvation of larval forms with minimal energy reserves (48, 49) . Metabolic responses of fed larvae. Once larvae reach feeding competence and are provided with food, rapid growth ensues (Fig.  1A) . The metabolic cost of such growth is high in the developmental stages. For instance, in another species of sea urchin, L. pictus, up to 75% of the available ATP pool is allocated to protein synthesis during growth (18) . Clearly the large energy requirements for growth, even under ad libitum feeding conditions, greatly constrain the capacity to change ATP allocation under environmental stress. The continuous increase in metabolic rate per individual during growth may allow an accommodation to increased energy demand of major energy-consuming biochemical processes under acidification. A lack of difference in the metabolic rates of larvae under control and acidification treatments belies the substantial differences in ATP allocation. Such cellular changes were not revealed by measurements of oxygen consumption on whole organisms, because changes in ATP allocation were accommodated without an increase in metabolic rate (Fig. 1B ). These findings demonstrate that a lack of increase in metabolic rate in response to acidification should not be interpreted to mean that an environmental perturbation has no impact on an organism.
Remarkably, it appears that sea urchin larvae can allocate on average 84% of their total ATP to just two processes without any immediate, negative impact on growth. The physiological limits in the ability of larvae to respond to ocean acidification without increasing metabolic rates may occur at higher pCO 2 . Such a suggestion is consistent with the findings of an increase in metabolic rates in feeding larvae of S. purpuratus in the presence of pCO 2 levels higher than the 800 μatm tested in the current study (11, 16) . Future studies of biological responses that focus on differential allocation of ATP could help identify and predict the limits of physiological resilience to compounding interactions of ocean acidification, temperature, food availability, and other consequences of global change. Tradeoffs of ATP allocation-a basis for physiological resilience. Ocean acidification experiments often show limited impact at the level of the whole organism. Our results demonstrate that major compensatory responses occur at the cellular level, even when wholeorganism responses are minimal. A long-standing question in metabolic regulation is at what point sublethal stress becomes lethal because of energy limitation (21, 23) . Our findings of changes in ATP allocation within a tightly constrained energy budget have important implications for organismal resilience. Under changing environments, in which ATP demand may exceed metabolic capacity, individuals with maintenance costs less sensitive to environmental stressors are more likely to survive. Genetically determined variations in the ability to allocate ATP likely will influence the resilience of individuals and the adaptive potential of populations in a changing environment (5). Physiologically, it is important to define the hierarchy of ATP-consuming processes that support the maintenance of essential functions under benign and stressful conditions. The ability to measure the associated metabolic costs, tradeoffs, and limits to ATP allocation to support critical cellular functions will help provide a mechanistic understanding of resilience potential to global change.
Materials and Methods
General Approach and Rationale. We used an integrative biological approach to study the biochemical and physiological responses to seawater acidification in developing sea urchins. Details of each specific method are given in SI Materials and Methods. In brief, in vivo measurements of metabolic rates, protein synthesis rates, and ion transport rates of Na To enable the calculation of absolute rates of protein synthesis, individuals at selected ages from control and acidification treatments were analyzed for the mole-percent amino acid composition and for the calculation of the average molecular mass of whole-body total protein (Table  S2) . A series of experiments was undertaken to determine the energy cost of protein synthesis. The integration of this suite of measurements was used to determine the major biochemical processes responsible for differential energy allocation in response to ocean acidification.
Sea Urchin Culturing and CO 2 Treatments. Adult sea urchins (S. purpuratus) were induced to spawn by intracoelomic injection of 0.5 M KCl. Gametes from males and females were pooled and allowed to fertilize in filtered (pore size, 0.2 μm) seawater at 15°C (SI Materials and Methods). Eggs from individual females were pretested for fertilization and were used for experiments only if more than 95% fertilization success was observed. For each treatment, newly fertilized eggs were placed in 200-L cylindrical culture vessels equipped with motorized stirring paddles providing slow vertical movement. Cultures were stocked at an initial density of 20 eggs/mL. Control-group cultures were aerated continuously with ambient, atmospheric air. Seawater acidification treatments were aerated with a premixed, compressed air source supplemented with CO 2 (Gilmore Air) to yield an average pCO 2 of 800.6 ± 9.07 μatm based on daily measurements from each culture vessel (Table S1 ). The pCO 2 levels used reflect present-day and near-future IPCC projections (∼800 μatm) (1). A complete water change was performed for all culture vessels every 2 d. Water was replaced with fresh seawater that had been pre-equilibrated to the appropriate temperature and CO 2 treatment level. At the onset of exogenous feeding, 4-d-old larvae from both the control and acidification treatments were stocked in 20-L culture vessels at a starting concentration of 10 larvae/mL into fed and unfed treatments; larvae numbers decreased to ∼2/mL because of sampling during the course of experiments. Larvae were kept in suspension with rotary motorized stirrers. Fed treatments (ad libitum) were supplied with the algae Rhodomonas lens at 30,000 cells/mL, and food was replenished daily. Seawater acidification experiments were replicated with gametes obtained from different sets of adults (i.e., different larval cohorts; see SI Materials and Methods).
